Abstract This paper presents the current sewage sludge legislation in Europe and expected developments regarding the coming directives on the application of the "End-of-waste" criteria and on fertilizers. Discussion on sludge production and processing is also included. The Directive 86/278 has regulated the use in agriculture of residual sludge from domestic and urban wastewater. After 1986, this directive was transposed in the different member state legislation and currently the national limit values on heavy metals, some organic micropollutants and pathogens are placed in a rather wide range. This seems the inevitable consequence of different attitudes towards sludge management practices in the member states. The discussion by the European Joint Research Center (JRC) in Seville regarding application of end-of-waste criteria for compost and digestate has produced a final document (IPTS 2014) where sludge was excluded from the organic wastes admitted for producing an end-of-waste compost. Sludge processing in Europe seems addressed to different goals: sludge minimization, full stabilization and hygienization by thermal hydrolysis processes before anaerobic digestion, and on-site incineration by fluidized bed furnace. Thermophilic anaerobic digestion was applied with success on the Prague WWTP with a preliminary lysimeter centrifugation. Coming techniques, like wet oxidation and pyrolysis, are applied only on very few plants.
Introduction
Europe's current problems on sludge management issues stem primarily from restrictions placed on formerly conventional disposal and recovery options. However, these restrictions are the inevitable result of several significant trends:
& Progressive reduction of landfill availability for disposal for biodegradable wastes & Increased opposition to agricultural use by local stakeholders & Increasingly stringent standards anticipated for metals, emerging organic micropollutants and hygienic parameters with the upcoming European directive on sludge use on land & Increasing disposal costs for off-site solutions Currently, many urban wastewater treatment plants (WWTPs) in Europe are unable to produce sludge suitable for final outlets. This is due to their aging facilities and dated infrastructure, typically from the 1980s or earlier, designed and equipped with treatment units for an earlier era and incapable of meeting the current new rules on disposal via landfilling or incineration (Mininni and Dentel 2013) . Therefore, the main goal of many WWTP operators is to reduce sludge production to maintain affordable disposal costs. Operators are also exploring innovative stabilization processes that may still allow agricultural use by eliminating pathogens and minimizing bad odours (Rulkens 2004) .
Regulatory limits on land application
All the EU member states have transposed the European limits of Directive 86/278 (sludge directive) for sludge use in agriculture into their own regulations as shown in Table 1 (European Commission 2010). The member states imposing more stringent limits than those of the sludge directive are Austria, Belgium, Czech Republic, Denmark (with respect to Zn), Finland, Germany, Netherlands, Slovenia and Sweden. The member states that still have the limits close to those of the sludge directive are Cyprus, Estonia, France, Greece, Hungary, Luxembourg, Ireland, Italy, Latvia and Spain. Table 2 shows limits of Zn, As, Mo, Co and Se not yet regulated by the sludge directive. As some specific molybdenum substances exert toxic effect (European Union 2008), Steiermark and Hungary have included Molybdenum concentration limits in their regulations. Currently, Cr is not yet regulated in Cyprus, Ireland and Italy. Table 3 shows the limits of some organic micropollutants in sewage sludge fixed by Austria, Czech Republic, Denmark, France, Germany and Sweden (European Commission 2000) . There is no uniform approach on this matter (Millieu et al. 2010) : the UK, USA and Canada claim that there is no technical justification for setting limits on organic contaminants considering that the typical concentrations are not hazardous to soil quality, human health or the environment. Some attention is also paid to pathogens (Table 4) by Denmark, Finland, France, Italy, Luxembourg and Poland (Le Blanc et al. 2008; Millieu and WRc 2010; Sede and Arthur Andersen 2002) . Table 5 shows the maximum permissible concentrations of potential toxic elements (PTE) in sludge-treated soils. Quite low limits are established in Carinthia (for pH 5.0-5.5), Belgium Flanders, Denmark, Finland, Latvia, Malta (for pH 5-6), Netherland and Sweden. For the other countries/landers the limits are close to those of the sludge directive. Greece and Spain set the limits at the uppermost range suggested by the sludge directive. Some member states (Carinthia, Bulgaria, Malta, Portugal and Spain) have fixed limit values according to soil pH. Others (Finland, France, Hungary, Italy, Luxembourg, Netherlands, Sweden, Flanders and three Lander in Austria) have also set limitations for the amount of heavy metals load in a certain period of time (3-10 years). Poland and Germany established or proposed limits in soil also according to their particle size. Cyprus has established the same limits of PTE as the sludge directive both in sludge-treated soil and in sludge.
Sewage sludge in the framework of the "end-of-waste criteria"
The criteria for considering a substance deriving from waste recovery an "end-of-waste" to be managed outside the waste legislation, i.e. outside the framework of the Directive 2008/98 (waste directive), are clearly indicated in the art. 6 of this directive. The following four conditions must be satisfied at the same time:
(a) The substance or object is commonly used for specific purposes. (b) A market or demand exists for such a substance or object. (c) The substance or object fulfils the technical requirements for the specific purposes and meets the existing legislation and standards applicable to product. (d) The use of the substance or object will not lead to overall adverse environmental or human health impacts.
In this prospect, the final report by IPTS (2014) fully discusses how the end-of-waste criteria might be applied to compost and digestate. In the framework of this document, it was proposed to allow as potential input materials also sewage sludge, in spite that it is not included in the definition of biowaste given in the waste directive. To this end, strict output quality criteria are established including concentration limits for four classes of organic pollutants. The decision to include sewage sludge as potential input material for producing an end-ofwaste compost was also based on the evidence that many member states already produce large quantities of compost with sludge, like Estonia, Finland, France, Germany, Italy, Lithuania and Spain. ORBIT/ECN (2008) estimated a total compost production (2005) of about 13 Mt in the EU. Total sewage sludge production was accounted at about 10 Mt of DM (2007) and this data was confirmed by Eurostat in 2008 being about 4 Mt (40 %) the total quantity of produced sludge directly used in agriculture. In Italy, the total compost production is currently estimated at 1.0 Mt/year+0.3 Mt/year of compost with sludge. About 450,000 t/year of dewatered sludge (10-15 % of total sludge production) are composted. More or less, these figures are in line with the medium ones of the 14 member states in 2008-2010 and included in the IPTS (2014) report where it results that a total production of 1.65 Mt of compost with sludge is produced in the EU 27 with potential expansion to 5-10 M t. In this survey, the data from Italy are not included.
The total production of digestate in Europe was estimated (IPTS 2014) at about 56 Mt fresh matter, but not all this quantity derives from biodegradable waste due to the large use of crops. According to the above report, total capacity of 166 digesters installed in EU member states for treating biowaste and municipal solid waste was estimated in 2010 at about 5.7 Mt. The major capacity is present in Germany (30 %), Spain (26 %), France (15 %), Netherland (8 %) and Italy (7 %). Most of the digestate is used in agriculture, with or without restrictions. In spite of the low commercial value of digestate (5-7 €/m 3 ), there is a trend in many member states to expand the use of digestion and post composting, partially replacing the composting practice. This is due to the value of produced electric energy taking advantages from subsidies and to the strong competition among the compost companies with consequent reduction of the fees paid by the municipalities. In many quality assurance systems of different member states (UK, Sweden, Germany), sewage sludge is already excluded as input material for the production of digestate to be used outside the waste directive.
In order to establish a common platform of data for a comparative assessment of the quality of different types of compost and digestate, a joint sampling and analysis campaign (JSAC) was organized by the JRC in May-December 2011, including about 120 samples of four types of compost (including sewage sludge compost) and four types of digestates.
The following long list of pollutants or biological tests was established: perfluorinated surfactants, heavy metals (Ag, Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Mo, Ni, Pb, Sb, Se, Ti, Tl, V, Zn) , PCBs, PCDD/Fs, PAHs, siloxanes, polycyclic musks, nonylphenol and -ethoxylates, PBDE, pesticides, veterinary drugs, pharmaceuticals, and estrogen activity (bioassay). Eighteen sludge compost samples were also analyzed coming from Austria (3), Czech Republic (1), Denmark (1), Finland (2), France (7), Luxembourg (1), Spain (2) and UK (1). Regarding heavy metals, the proposed maximum concentrations for EU EoW product quality criteria have been fixed Therefore, organic pollutants are not uniformly regulated and even for PAH and PCB there are different ways for accounting their presence (see the foot note of Table 6 ).
The set of data analyzed within the JSAC (IPTS 2014) showed that among the organic pollutants, sewage sludge compost showed the highest PFC concentrations with many values exceeding the limit value of 100 μg/kg DM fixed in Austria and Germany.
Concluding the study, the Commission End-of-Waste document (IPTS 2014) has fixed the following three options to establish the end-of-waste status for compost and digestate:
-Option 1: strict output quality criteria -Option 2: prohibition of certain input materials -Option 3: like option 2 but with the possibility to admit locally some input materials
The first two options were strongly contrasted by many participants to the technical working group for a likely negative impact on local markets and only Input material must not be contaminated. A possible definition of contaminated might be having a level of chemical, biological or physical contamination that may cause difficulties in meeting the end-of-waste output product quality requirements or that may result in other adverse environmental or human health impacts from the normal use of the output compost/digestate material.
Sewage sludge and the organic fraction of mixed municipal household waste are therefore excluded from the scope of the coming directive.
Perspectives on new approaches
Sludge production According to the report by Millieu et al. (2010) and confirmed by Kelessidis and Stasinakis (2012) , the current production of sewage sludge in the 15 member states supposed fully complying with the Directive 86/271 is estimated in about 25 kg/ (P.E.×year) i.e. 68 g/(P.E.×d). This estimation is in line with the evaluation carried out in ROUTES who estimated a value of 66-84 g DM/(P.E.×d), but before any treatment. After sludge processing, the production decreases due to the removal of volatile solids in biological stabilization and some inefficiencies of solid-liquid operation (gravity and dynamic thickening and mechanical dewatering). Therefore, sludge output from WWTPs was evaluated in ROUTES in 45-56 g DM/(P.E.×d) which is well in line with the previous analysis of Mininni and Dentel (2013) carried out on the basis of Eurostat data.
Data of Le Blanc et al. (2008) show that there is a great variation in the world: the minimum values are for Brazil and China [5.4 and 6.2 g DM/(P.E.×d)] with top values for Germany 66.5, U.K. 67.8, Slovenia 77.7, Finland 78.6 and the highest one for Netherlands 249 g DM/(P.E.×d).
These incongruences point out that per capita sludge production must be based on the person equivalent treated and depends on the level of treatment. Moreover, other specific factors influence per capita sludge production like the type of sewerage system which can separate or not wastewater and rain water. In some big cities served by the underground system, the drainage water is discharged into the sewerage systems with consequent further dilution of the wastewater. In these cases, the COD removal efficiency drops as well as sludge production.
Expected directive on the protection of soil when sludge is used in agriculture Available data of sludge management systems around Europe (Mininni and Dentel 2013) show (Fig. 1) that sludge utilization in agriculture is the preferred outlet option in important countries like France, Spain and UK. Also, Italy utilizes large quantity of sludge in agriculture as Eurostat data base accounts 315.610 t DM used in agriculture in 2010 i.e. 28.6 % of total accounted production the same year (1.102.650 dry t). The PTE limits for agricultural utilization in France, Italy and Spain are practically the same as those of the sludge directive while in the UK only limits in soils were fixed. It seems, therefore, that without any specific evidence of health and/or environmental problem due to this practice, it is unlikely that new more stringent limits will be enforced due to the opposition of at least four important member states accounting a total population of 46.5 % of the total population of the EU 28 countries in 2013.
The great variability of data is the inevitable consequence of the different attitudes of the European member states on sludge management. In those countries where incineration is the prevalent practice for sludge disposal like in Belgium (especially in Flanders), Netherlands and Switzerland, agricultural use is very scarce or not practiced at all. In other countries (Greece, Malta, Romania), landfilling seems to be the unique solution for sludge disposal (http://appsso.eurostat. ec.europa.eu/nui/submitViewTableAction.do). France, Germany and the UK have a more balanced approach being agricultural utilization in the range of 30-70 % but also incineration plays an important role in sludge management. Spain and Italy prefer agricultural use, either directly or indirectly through composting, which is also quite common in Austria, Czech Republic, Estonia, Finland, Slovakia and Sweden. It is also interesting to observe that in Slovenia, landfilling decreased continuously between 2002 and 2011 with a parallel increase of incineration.
Microbial indicators and pathogens
The need for sludge hygienization
The transmission of pathogens from application of sludge (mainly in agricultural practices) to humans, animals or plants is still a major concern on public health. This issue should be considered in national and international regulations and normative in order to reduce significantly any associate risk or forbid the use of sludge for agriculture practices or other uses. There are several exposure types of pathogens potentially present in sludge. Direct exposure is related to those producing and applying treated sludge to land or in agriculture uses. Poor hygienic practices and lack of appropriate protection equipment could increase the risk of illness. Moreover, populations residing nearby the sludge treatment plants, field site storage or vicinity of the spreading lands could also be at increased risks as a result of aerosol dispersion (Tanner et al. 2008) . Routes of indirect exposure are mainly related to the transmission from the lands where sludge is spread to the agricultural crops or animal husbandry. Run-off from these lands where sludge is applied could be also spreading pathogens when discharged into recreational water, sources for drinking water or even contamination of groundwater (Carrington et al. 1998) . The presence of human or animal pathogens in sludge cannot be excluded as sludge could come not only from sewage treatment plants but also from wastewater treatments in slaughterhouses or animal processing sewer systems. However, the human pathogens (viruses, bacteria and parasites) are of most concern in the European Union because the sludge destined for land application is mostly coming from sewage treatment plants, the host-pathogen specificity and the faecal-oral route as the most important way for their transmission. Overall, sludge hygienization treatment as an essential barrier to prevent pathogen transmission probably needs to be better monitored and regulated.
Additionally, other health risks for uses of treated sludge have been questioned because of the supposed regrowth of pathogens during treated sludge storage. There is an open discussion on the survival or regrowth of these pathogens after sludge processing. Then, it is questioned if these microorganisms, even in low numbers, could subsequently regrow to hazardous levels when exposed to favourable environmental conditions. Several studies have been done, focusing on survival and potential growth of inoculated organisms in sterile and non-sterile sludge and compost (Brandon et al. 1977; Hussong et al. 1985; Sidhu et al. 2001; Yeager and Ward 1981; Zaleski et al. 2005) . Regrowth of inoculated Salmonella in sterile sludge has been documented. However, few studies have reported survival and regrowth of indigenous pathogens in sludge when they are detected below detection limit (Gibbs et al. 1997; Lang et al. 2003; Pepper et al. 1993; Russ and Yanko 1981) . Other investigators have explained that this regrowth occurs during storage for long periods of time in samples associated to thermophilic and mesophilic processes with centrifuge dewatering (Chen et al. 2011) . Some others have added that coliforms increase at 25 and 37°C for up to 5 days and then gradually decline (Qi et al. 2006 ). On another hand, some studies are addressed to a detection improvement by reactivating the non-cultivable organisms because storage conditions allow their recovery into cultivable organisms (Higgins et al. 2006 ).
Microbial indicators in sludge as reliable surrogates for pathogens
The sludge directive has no specific regulation and monitoring of microbial parameters to provide such barriers on disease transmission. Although an appropriate implementation of the sludge directive could help on the prevention for such transmission, an enhanced treated sludge for microbial quality could only be achieved when some additional pasteurization or multistage treatments are applied. Some countries decided to adopt additional health regulatory requirements on sludge treatment process ( 
Contributions by the European project ROUTES
It is known that viral pathogens present a differential persistence in the environment with respect to other microbial pathogens. In these cases, the use of bacterial indicators is not providing reliable information of viruses reduction in sludge processing. Bacteriophages of enteric bacteria had been proposed as alternative indicators of waterborne viruses (AWPRC 1991; Grabow 2001; Jofre 2002 ) and have been demonstrated in ROUTES project as appropriate microbial indicator to assess the efficacy of new sludge treatment process. So, there is a controversy about the microbial quality of sludge after storage. In the above project, the reduction of viral indicators (somatic coliphages) and viral pathogens (enteroviruses) has been studied for the validation and evaluation of the new treatment processes regarding pathogen removal. Comparison of the removal of the proposed viral indicator (somatic coliphages) with respect to the pathogen (enteroviruses) was aimed. The obtained results provide useful data for the evaluation of health risk of sludge recovery in agriculture. These data could supply new inputs for the improvement of legislations that will be developed to determine the requirements for sludge treatments in order to set quality criteria for sludge use. Moreover, the new hygienization treatments were monitored by enumerating the following microbial indicators: E. coli for bacterial pathogens and C. perfringens as surrogated for parasites. Additionally, the presence/absence and the enumeration of Salmonella and its proportion with respect to E. coli were also evaluated. The ROUTES project was also focussed in examining the regrowth and the evolution of two bacterial indicators, E. coli and sulphite-reducing Clostridium spores, and the viral indicators, somatic coliphages, in sewage sludge samples originated from mesophilic or thermophilic digestion processes collected in different wastewater treatment plants. Spiking treated sludge with Salmonella was discarded because it is not an operative and reproducible method attending to the complexity of the matrix of sludge. Moreover, any assays spiking is limited on scale-up assays for future validation of industrial treatments. The enumeration of autochthonous Salmonella in the studied sludge was also performed. It was also observed that the reduction of somatic coliphages depends on the treatment and ranged between 2 and 3 log10 units. The concentration of enteroviruses was difficult to assess because of their low concentration in raw sludge. Overall, the 100 % crude sludge samples showed somatic coliphages at values higher than 10 5 PFU/g DM and 85 % treated sludge samples were positive for somatic coliphages. It was also determined a significant decrease of somatic coliphages (2 to 4 log 10 units) on the studied samples from the different treatments. Enteroviruses were not detected in most of the treated sludge samples, because of their absence or their concentration is below the detection limits and they were very low even in untreated samples so that are not useful for assessing virus reduction during sludge treatment. Consequently, somatic coliphages are showing to be an appropriate viral indicator provided that a proportion between somatic coliphages and enteroviruses is found. This proportion has been shown in ROUTES to be 4-5 log units in agreement with previous studies (Berman et al. 1981; Lewis et al. 1983; Monpoeho et al. 2000 Monpoeho et al. , 2004 . The comparison of measurements of both parameters allows to establish that a standard for somatic coliphages might be fixed at 10 4 PFU/g dry weight.
The values of E. coli and the enumeration of Salmonella by the most probable number (MPN) in the different sludge samples produced by the new hygienization treatments tested in ROUTES showed that composting, thermal hydrolysis pre-treatment and all the treatments including thermophilic digestion at 55°C easily comply with the hygienic requirements set up by the 3rd draft of April 2000 (E. coli lower than 500 CFU/g of final product and Salmonella absent in 50 g of final product (wet weight). Among the above processes, composting showed the best performance regarding removal of pathogens and pathogens indicators. On the contrary, mesophilic digestion generally does not comply with the above standards (Levantesi et al. 2014) .
The kinetics of the microbial indicators (E. coli, suphite-reducing clostridia spores and somatic coliphages) and Salmonella (MPN) along a period of storage at 22 and 37°C have been studied. It has been observed that there is no regrowth of E. coli during the storage of sludge nor at 22°C neither at 37 ºC for the tested finalised sludge (thermophilic digested, mesophilic digested and compost). Moreover, the reduction of E. coli during storage at 22°C is higher for mesophilic digested sludge than for thermophilic digested sludge or compost. It was also determined that the relation between Salmonella and E. coli is around 1:10 4 , and the decay of Salmonella is similar to that of E. coli. However, the recovery of injured cells of E. coli was observed only during the first hours of storage at 37°C after pasteurization, but they later decreased significantly even during storage at 37°C.
The activities performed in ROUTES confirmed the hypothesis of recovery of injured cells rather than regrowth by comparing the enumeration of E. coli using qPCR or traditional culture methods. However, the enumeration of E. coli by qPCR as an alternative method to the enumeration of culturable E. coli in storage is not recommended due to the high stability of DNA. Consequently, the use of E. coli as an indicator of faecal contamination microorganism in sewage sludge should be taken cautiously, since it has been also demonstrated in ROUTES the possibility of injured cells to resuscitate after a pasteurization treatment at 55 ºC in less than 24 h, when analyzed by culture dependent methods. Furthermore, sulphite-reducing Clostridium spores cannot be regarded as good indicator due to the high resistance of sulphite-reducing Clostridium spores, especially in anaerobic environment.
On the other hand, somatic coliphages showed to be good indicator microorganisms of sludge hygienization since they cannot resuscitate from an injured state and show lower inactivation kinetics than E. coli.
Sludge processing
Sewage sludge processing has the objective to produce a clean sludge to be used safely and with benefit in agriculture or to transform the sludge into a material to be disposed of minimizing any environmental impact. A third goal might be sludge minimization during processing in water and sludge line due to the increasing costs of sludge management. Attention should be also given to the generated liquid side-streams to be recycled on the top of the plant with consequent increment of COD and nutrient loading.
Le Blanc et al. (2008) have shown a great variation of sludge processing and management cost around the world as percentage of total wastewater treatment. The lower value is for Columbia (3 %) and the highest value for Canada Greater Moncton, Canada Ontario, Norway (50 %), Czech Republic and the USA (57 %).
The trends around Europe can be so summarized:
(a) Emphasis is given to sludge minimization especially in water line adopting innovative flow sheets principally based on uncoupling metabolism obtained with alternating conditions of anaerobic famine and aerobic feast. The term uncoupling metabolism was firstly introduced by Russel and Cook (1995) to describe the mechanism resulting in a reduced availability of ATP-energy for conversion of metabolites into new biomass. Under these conditions, most organics are oxidized and converted into CO 2 with a consequently lower rate of biomass production, as reported by Chudoba et al. (1992) ; Mayhew and Stephenson (1998), Liu (2000) . Practical applications are limited due to long term acclimation and reduced treatment performances. It has been proposed that uncoupling metabolism is also involved in the reduction of sludge production obtained when the biomass undergo intermittent aerobic/anaerobic conditions. This can be obtained by introducing a side-stream anaerobic reactor in which carbon is used as electron acceptor thus resulting in a less favourable energetic condition and, consequently, a reduced sludge production. Pilot scale studies and full-scale applications have been reported for the oxic-settling-anaerobic (OSA) process and the patented Siemens-Cannibal® process, which also include physical treatments (micro-screening at 250 μm and hydrocyclones to separate inert solids). In both cases, the ORP seems to be the most important control parameter, the optimal value being around −250 mV (Saby et al. 2003; Chen et al. 2011) . In fact, due to the low hydraulic residence time (HRT) values typically adopted for the anaerobic compartment in the OSA process, 6-10 h, according to Saby et al. (2003) , the uncoupled mechanism seems to be unable to completely explain the reduced sludge production and the cell lysiscryptic growth is also considered to play a relevant role. On the other hand, in conditions closer to that adopted in the Cannibal process, the long HRT in the anaerobic reactor (9-10 days) should allow to uncouple the metabolism. Novak et al. (2006) reported the HRT and the "interchange ratio" to be the most important parameters for the process optimization. Recent studies pointed out that the alternation of conditions of aerobic feast and anaerobic famine provides not only the necessary setting for sludge reduction but also a continuous refreshment of the EPS organic pool and an increase in the microbial diversity, resulting in better flocculation and effluent quality (Chon et al. 2011; Kim et al. 2012) .
(b) Sludge preparation for agricultural use implies two typical objectives: (i) reach a good biological stabilization and (ii) produce a sludge with an acceptable level of pathogens and pathogens indicators. The two above goals are also interdependent but specific step of thermal treatment can be included to increase sludge quality as far as hygienic properties are concerned. Nowadays thermal hydrolysis plants are quite diffused and applied on sludge before digestion to increase the biogas production. Treatment at temperatures up to 160-165°C guarantees very good hygienization. The most popular processes are Cambi (24 full-scale plant in Europe, and one each in Australia, Chile, Japan and Washington D.C., respectively, with capacities in the range of 1,200-149,000 dry t/year) and Biothelys (7 full-scale plants in Europe with capacities in the range of 30,000-760,000 P.E.). Thermophilic anaerobic digestion does not seem to be applied to a large extent. The most important example with good performance of this technique is in Prague where biogas production was doubled up to 16 M Nm 3 /year from 1993 to 2005 using lysing centrifugation before thermophilic digestion (Le Blanc et al. 2008) . Specific application of innovative techniques for nutrient recovery as fertilizers are reported in literature (Müller et al. 2005; Dichtl et al. 2007 ) and were studied in the ROUTES project. The Seaborne process (Müller et al. 2005 ) is based on a previous acidification of digested sludge to solubilize heavy metals and nutrients. After centrifuge dewatering and incineration, ashes are recycled to the digestion reactor. Centrate from centrifugation is then directly treated with biogas rich in hydrogen sulphides for metal precipitation. After this desulphuration step, the biogas is used for energy recovery by a CHP process. After filtration of precipitate, the filtrate is treated by addition of Mg(OH) 2 and NaOH with production of struvite, recovered by centrifugation. The centrate is then filtrated and sent to ammonia stripping for recovering of ammonium sulphate. (c) Final thermal treatments at high temperature are based on different techniques [incineration, wet oxidation (WO), pyrolysis] which can use as preliminary treatment sludge drying (except WO) where the sensible heat needed for water evaporation is provided by steam recovered from hot gases from the furnace. Incineration plants by fluidized bed furnaces are quite common in Europe: about 80 plants currently use this technique for sludge disposal most of them being installed in Germany (23), France (21), Switzerland (14), UK (11) and Denmark (5). As for WO, applications are reported on the Brussels North WWTP (http://www.aquiris.be/en/the-plant. php), Orbe (Switzerland) and on the Grassobbio industrial platform (http://www.3vgreeneagle.com/en/technologies/topwet-oxidation-for-sludge) where sewage sludge is also treated. Techniques of sludge incineration are well established and the current trend is to recover heat from exhaust gas for air pre-heating to 500-650°C. Residual heat of exhaust gas leaving the air heat exchanger is further recovered producing steam and electric energy. Typical flue gas treatment is based on dry systems with cyclone or multi cyclones, injection of sodium bicarbonate and pulverized activated carbon, bag filtration and selective catalytic reduction (SCR) of NO x . Heat recovered from exhaust gas can also be used to produce steam for sludge drying which anyway poses some safety problems. In some cases, sludge drying by direct or indirect techniques is replaced with solar drying also considering some severe problems of wear experienced in sludge indirect dryers. No pyrolysis fullscale plants are currently installed in Europe for sludge processing. Some new techniques were proposed in the Neptune project by Pyromex (Neptune End User conference presentation available at http://www.eu-neptune.org/End%20User% 20Conference/N-04_Natalija_Ghent_workshop__January_ 2010__Pyrolysis.pdf). A new approach of a pyrolysis process was applied by Pyreg on different kinds of wastes but it seems applicable also to sewage sludge. (d) Off-site solutions for sludge processing include many possibilities like composting and co-incineration, where sludge is used for material and fuel application replacing both inert primary materials and fossil fuels. Trends on composting are mainly dependent on the expected legislation regarding the status of compost with sludge. Currently it seems that this is outside the scope of the end-of-waste criteria and utilization of compost with sludge outside the waste directive is left on the responsibility of different member states. Utilization of sewage sludge in co-incineration is quite common but certainly it depends on local authorizations and acceptance criteria fixed plant by plant.
Conclusions
Future trends on sludge management are mainly dependent on future alignment of legislation. It does not seem that a new sludge directive is pending. Works in progress have not evidenced a health and environment impact due to sludge agricultural use although some attention is already paid by many member states on organic pollutants and pathogens. Stabilized sludge will be therefore used in agriculture in large quantities in the next years in many important member states like France, Germany, Italy, Spain and the UK. In this prospect, it is important to establish a good link with stakeholders who certainly play an important role to sustain or abandon this practice. It is therefore wrong to think that sludge of insufficient quality, especially regarding stabilization criteria, will continue to be devoted to agricultural use. Many sludge operators shall, therefore, update the old assets of WWTPs and making them suitable for producing a full-stabilized sludge. Pathogens will play in the future a more important role and among them ROUTES project has proved that their control should be focused on Salmonellae, E coli and somatic coliphages, the latter ones being very good indicators of enteric viruses. Control of C. perfringens should be abandoned as they are not good indicators of the performance of anaerobic processes.
Many processes can be used for sludge reduction but their applicability on industrial scale is certainly dependent on the balance of capital and operating costs of new reactors to be installed and the revenue due to the avoided disposal.
The typical disposal option for sewage sludge is currently on-site incineration by fluidised bed furnace as landfilling is phased out. New coming techniques like wet oxidation and pyrolysis are currently installed in a few plants and their application needs to be expanded to be considered as competing techniques of incineration.
Off-site solutions are quite diffused (composting and co-incineration). Sludge composting is under evaluation of the Commission regarding the application of end-ofwaste criteria. Currently, it seems that this material cannot be considered fully compliant with the above criteria but it is left to the different member states the responsibility to admit its management outside the waste legislation. Co-incineration will continue to be used but in many cases, a full drying is required for the admission in cement factories or power plants. In some cases the drying can be performed on the destination plant which therefore will be transformed in a waste platform.
